Most of the soils of tropical countries, especially those in South America and Africa, are affected by erosion processes. As a result, researchers in the field of geotechnical engineering, specifically in the context of "biotechnology" or "bioengineering", have been investigating the use of microorganisms to improve the geotechnical properties and stability of soils. Using this approach, this work was developed to analyze the effects of the implementation of a calcium carbonate precipitating nutrient in native microbiota on the mitigation of erosion processes in a tropical soil profile. The methodology used in this research consisted of collecting undisturbed samples in a soil profile located in an area affected by erosion processes. In such samples, the native bacteria were identified, and it was determined that the nutrient B4 induced the precipitation of calcium carbonate. Subsequently, soil samples were characterized physically, chemically, mineralogically and mechanically in their natural state and after the addition of the nutrient. The tests were performed at least fifteen days after treatment with the nutrient. It was concluded that the use of the nutrient B4 enabled the native bacteria present in the soil to precipitate calcium carbonate, resulting in improvements in the physical, chemical, mineralogical and mechanical properties of the soil, which allowed for the mitigation of erosion processes that characterize the soil profile studied. The conclusions derived from the study apply not only to other tropical soil profiles subjected to erosion but also to improvements of the geotechnical behavior of soils in general.
Introduction
Tropical soils are influenced by climate, geology, hydrology and human action [1] , generating a wide variety of profiles with significant differences in their geological and geotechnical properties, which favor erosion. As a result, researchers in geotechnical engineering, in the context of "biotechnology" or "bioengineering", have investigated the use of microorganisms in improving the geotechnical properties and stability of soils. Most studies in biotechnology have been directed toward understanding the behavior of bacteria, their interaction with many of the minerals found in nature or their application in the decontamination of soils and water resources and the restoration of sculptures [2] . However, in general, there have been few studies focused on the influence of bacteria on soil behavior and engineering properties [3] . In this study, we applied knowledge acquired in other areas related to bacteria to provide solutions to engineering problems using the technique of biomineralization. This technique consists of stimulating microorganisms using a nutrient to precipitate chemical compounds, thus forming minerals. In the present study, the precipitation of calcium carbonate by native bacteria in the soil, aimed to improve the physical properties, mechanical parameters and structural stability of soil against erosion processes, was examined. This study represents an advance in the development of biotechnology applications to solving engineering problems, specifically those of erosion, resulting in a significant economic and environmental impact. In most cases, to prevent, stop or restore areas affected by erosion, controls are used, which often have high costs and/or have an environmental impact that is not always negligible in other areas.
Soil microbiology
Research with microorganisms began in 1673 with Van Leeuwenheek but, according [4] , only gained momentum in 1857 with the studies of Louis Pasteur. However, soil microbiology had its first major contribution in the late nineteenth century, with the isolation of rhizobia.
The study of soil microbes is vast and unknown as soil is an unusual habitat in relation to other terrestrial habitats, due to its heterogeneous, complex and dynamic nature. Within this complex habitat, five main groups of microorganisms exist: bacteria, actinomycetes, fungi, algae and protozoa. The bacteria are notable because they form the group of microorganisms of greatest abundance and diversity among species. The bacterial community is estimated at approximately 108 to 109 (CFU) per gram of soil [5] .
Many variables influence soil bacteria, such as moisture, aeration, temperature, organic matter, acidity and the presence of inorganic nutrients. Other variables, such as crops, the season and depth, have relevance, yet their combination makes them determinant [6] .
The activity that microorganisms play in the soil may be closely related to the soil structure. Due to the similar size of microorganisms and soil components, particularly bacterial cells and clay particles, there is the possibility of accession or linking of microbial cells to clay particles. The nature of this adhesion is mainly chemical and mediated by cement substances. The rate of adherence of microorganisms to soil mineral particles is often quite considerable and may reach 90% of the population. This adhesion depends on the diameter of the particles: the smaller the diameter, the stronger the adhesion. Adhesion also depends on the nature of the microorganism and the type of clay mineral. For example, Gram-positive bacteria more easily adhere to clay minerals, such as kaolinite, which have predominantly negative surface charges, because Gram-negative bacteria are fixed on positively charged minerals, such as gibbsite [5] .
Biomineralization
Biomineralization is a common process in nature by which living organisms form precipitated crystalline or amorphous minerals [7] . Biomineralization occurs through chemical reactions between specific ions or compounds as a result of metabolic activities of an organism under certain environmental conditions. The "carbonate-geneses" is a good example of biomineralization, in which it precipitates carbonates [8] .
Photosynthesis is the most common form of carbonate microbial precipitation [9] . This process is based on the metabolic utilization of dissolved CO 2 , which equilibrates with HCO and CO (eq. 1) around the bacterium. This reaction induces a shift in the balance of bicarbonate and, subsequently, an increase in the pH in most of media (eq. 2 and 3).
Another type of process that precipitates carbonates is the sulfur cycle, specifically the reduction of sulfate. The reaction begins with the dissolution of gypsum (CaSO 4 .2H 2 O/CaSO 4 , eq. 4). In these circumstances, the organic matter can be consumed by sulfate-reducing bacteria, and sulphide and metabolic CO 2 is released (eq. 5).
The removal of sulfur produced from hydrogen (H 2 S) and the result of the increase in pH are prerequisite to the precipitation of carbonates [10] .
Another form of precipitation involves the nitrogen cycle and, more specifically, the ammonification of amino acids, nitrate reduction and degradation of urea [11] . These three mechanisms have in common the production of metabolic CO 2 and ammonia (NH 3 ), which, in the presence of calcium ions, results in precipitation of ammonium ions and the release of carbonate. The reaction takes place according to eq. 6 and 7:
In complex natural environments, different metabolisms can combine to produce precipitation.
Under such conditions, precipitation of calcium carbonate (CaCO 3 ) can occur from the equilibrium reaction shown in eq. 8 if soluble calcium ions (Ca +2 ) are present.
It is noteworthy that the production of CO3-2 from bicarbonate (HCO 3 -1 ) in water is highly dependent on pH and that growth occurs under alkaline conditions. In summary, the precipitation of calcium carbonate occurs easily in alkaline environments abundant in calcium (Ca 2 + ) and carbonate ions (CO 3 -2 ) [8] .
The main role of bacteria in the process has been linked to their ability to create alkaline environments and to increase the concentration dissolved inorganic carbon (DIC) through various physiological activities [9] .
Specific species of bacteria are capable of producing different amounts, forms and types of crystals of carbonate (e.g., calcite, aragonite and dolomite) from the same synthetic medium [9] .
The study of the bioprecipitation process by microorganisms, especially of calcium carbonate, began at the end of the nineteenth century by Nadson (1899 Nadson ( -1903 . Several genera and species of bacteria were isolated from the environment and systematically studied, contributing to our knowledge of the bioprecipitation processes in the production of calcium carbonate.
The research conducted in [8] and [12] showed that bacteria such as Bacillus have the ability to precipitate CaCO 3 when incubated in B4, which is a nutrient composed of yeast extract, glucose and calcium acetate, at a pH of 8 and incubation temperatures of 25 to 30°C. The precipitation begins to occur after 15 days. Upon observation of the precipitates for 25 days, the number and size of crystals were found to increase with time.
The first study of the applicability of the process of calcium carbonate bioprecipitation, called "bioremediation", was based on protection against deterioration of materials used in construction, such as ornamental stones and concrete, using a nutrient medium containing bacteria [8] . Subsequent techniques, such as "bio-induration" or "biosealing", have consisted of sealing or plugging the pores of the soil through the application of nutrients and microorganisms capable of producing a biofilm, which were used to reduce the permeability of soils [13, 14] . Finally, the technique of "biostabilization" improves soil properties through the addition of microorganisms and nutrients [15] .
In this study, instead of adding microorganisms to the material as has been done previously, we stimulate the native microorganisms present in the tropical soil to precipitate calcium carbonate minerals from the addition of only one nutrient. This technique has a reduced environmental impact as compared to other techniques commonly used to prevent, halt or reclaim areas affected by erosion.
Materials and methods
The search region was in a location affected by erosion, specifically, in the gullies. The selected profile was located 20 m from the left edge of a gully in the town of Santa Maria, Brasília, Federal District -Brazil.
The study was limited to 6 m deep, with profiles of five soil layers: 0 to 1.5 m, 1.5 m to 2.5 m, 2.5 m to 3.5 m, 3.5 m to 4.5 m and 4.5 m to 6.0 m. According to [1] , this profile is located in the geological unit "Sandy Metarritmito" from the Paranoá group. The "Sandy Metarritmito" is composed of fine to medium interbedded quartzite, siltstones and slates. The maximum thickness of this structure can reach 150 m [16] . The gully geomorphologically lies within the "Contagem Plateau". This plateau is the highest in the Federal District with an average elevation of more than 1200 m. The area has a climate with temperatures below 18°C in the coldest month and greater than 22°C in the warmest month. The average annual relative humidity is 60%.
Microbiological analyses
For the microbiological identification of bacteria present in the soil profile, first, a 10 g sample of each layer was taken and placed in a plastic sterile container with 90 mL of peptone water to make a 1:10 dilution. Then, from this mixture, 1 ml was taken and homogenized with 9 ml of 0.1% buffered water to obtain a dilution of 1:100. Each dilution was incubated in a bacteriological incubator under 25°C for 24 hours and distributed to the respective dilutions, in the form of stripes with a platinum handle on plates containing agar and 5% sheep blood, for the growth and isolation of the bacterial population. After the bacteria in the soil were identified, the samples were placed on plates containing the nutrient medium B4, which induces the precipitation of calcium carbonate. The medium components were 15 g calcium acetate, 4 g stratum yeast, 5 g glucose and 12 g agar in 1 L of distilled water. In order for the bacteria to promote the precipitation of calcium carbonate, it was important to maintain the pH at about 8. To achieve this pH, NaOH was incorporated into the described solution [8] . The plates with the bacteria in B4 medium were incubated for at least 15 days at 25°C [12] .
The precipitates were observed using a scanning electron microscope (SEM) to determine whether they contained the calcium element. After verification of the mechanism of precipitation from the bacteria found in soil, the nutrient was added to blocks of undisturbed soil, for the precipitation to occur in locus.
The blocks of undisturbed soil from each layer were placed inside a container, which, at the time of the nutrient addition, did not crumble. At the top of the blocks, holes were made, about 0.4 cm in diameter and 2 cm deep with a 10 cm spacing. The nutrient was introduced in the holes with the use of a syringe. The nutrient filled 60% of the empty spaces present in each block of undisturbed soil. Subsequently, the blocks were kept for a minimum of 15 days within a "moisture chamber" (25°C and relative humidity 60%), similar to the average conditions of the erosion site selected for the study.
The influence of the treatment on the properties of the soil was evidenced by running physical, chemical, mineralogical and mechanical sample tests with and without the addition of the nutrient. These tests were performed according to the methodologies proposed by the Brazilian Association of Technical Standards (ABNT) and in their absence, according to the American Standard Test Method (ASTM).
Physical properties
For the physical characterization of the soil profile, tests were carried out to determine the moisture, specific weight of grains, Atterberg limits and grain size with and without dispersant, and tests MCT (Miniature Compressed Tropical) of tropical soils expedite classification [17] . Voids and the degree of saturation were determined from the soil samples.
Chemical analyses
These tests consisted of measurements of the pH in water and KCl solution at a ratio of 10:25 (soil: water/solution) and determining levels of calcium (Ca), sodium (Na), potassium (K), magnesium (Mg), H + Al (total acidity), organic matter (OM), organic carbon (C), nitrogen (N), phosphorus (P) and sulfur (S), as well as the cation exchange capacity (CEC), base saturation and aluminum saturation. These tests were performed according to EMBRAPA standards [18].
Mineralogical analyses
The mineralogical characterization was limited to the identification of minerals in layers of soil profiled by X-ray diffraction, complemented with semi-qualitative chemical analysis obtained by energy dispersive spectroscopy (EDS) using SEM.
Structure definition
Deeply weathered tropical soils, such as those used in this study, cannot be thought of as individual soil particles because the particles are grouped together, forming aggregates that directly influence the physical properties and mechanical and hydraulic behavior of the soil. However, the chemical additives can affect the structural stability of these aggregates, but the biomineralization may give them greater stability providing structural changes in the ground. The structural changes caused by biomineralization may explain certain behavior in soil.
Structural characterization of the soil was made from the visual analysis of images obtained from SEM.
Mechanical behavior
Analyzing the mechanical behavior of soils is very important in defining the influence of biomineralization in the erosion stabilization of slopes. For its determination, the following parameters were determined: compressive strength, indirect tensile strength, resistance to direct shear, total matrix suction, dual-oedometer densification and permeability. Tests were also conducted to estimate the susceptibility to erosion, such as the pinhole test and the test of disaggregation.
Results

Microbiological characterization
From different biochemical tests of the entire profile, a total of 43 types of isolated bacteria were identified: among them were Bacillus spp., Pasteurella spp., Actinobacillus spp., Pseudomonas spp., Staphylococcus spp., Alcaligenes spp., Rhodococus spp., Corynebacterium spp., Rhodococus quei, Francisella tularensis and Enterobacter cloacae; with the Bacillus spp. as the most common bacteria.
In the microbiological analysis, it was found that the amount of bacteria present increased with depth. This may be linked to increases in water pH with the depth of soil (1 m: 5.6, 2 m: 5.8, 3 m: 5.9, 4 m: 6.1 and 5 m: 5.9). According to [19] , the environment most favored by bacteria is one in which the pH is close to 8.
The precipitation occurred in Petri dishes containing the B4 medium. Then, the samples coated with gold were pasted onto a sample holder (hence the presence of the gold peak in the determined chemical composition), and observed by SEM, which confirmed the presence of calcium in all of the samples (black spot in Fig. 1) .
Importantly, when Bacillus was present, the greatest precipitation of calcium was generated (larger precipitates in the Petri dishes), which confirms that Bacillus-type bacteria are excellent for the process of biomineralization [12] .
Physical characterization
The results of physical characterization tests for the five layers of natural soil profiles are presented in Table 1 , together with the results obtained for the soil treated with the B4 nutrient, which allows for an evaluation of the influence of the addition of B4 to the medium on the physical properties after a minimum of 15 days.
Chemical composition
of the black spot The results in Table 1 show that the void index decreased slightly with the addition of nutrients because the precipitates formed with little intensity or very fine fibers.
To evaluate the stability of micro-concretions that were present in the soil profile, the expression given by [20] for the total aggregate (TA = % clay size with dispersant -% clay size without dispersant) was used. When the nutrient was used, the TA values were lower, indicating greater stability of the micro-concretions.
Using the liquidity limit (w L ) and plasticity index (Ip), it was observed that the plasticity of a clay, in general, may decrease as the number of cations and calcium increases [21] . In addition, the treatment helped to maintain soil aggregation by making it more granular, which generally favors the reduction of plasticity.
The treatment gave stability to the aggregates, which according to the MCT system, classifies the soil as sand. However, based on the USCS, due to the reduced plasticity, the soil is classified as having low plasticity. The fact that no changes were observed in the classification of any of the layers does not necessarily mean that the treatment did not influence the behavior of the soil. However, it indicates a low sensitivity of classification methods to assess levels of change experienced by the soil. Fig. 2 shows that, by adding the nutrient to the samples, the pH increased from slightly acidic to slightly basic, with basic being greater than pH 7 in water. An alkaline pH is needed to generate an environment favorable for bacteria to precipitate calcium carbonate [22] .
Chemical characterization
The generation of calcium carbonate is contingent on the existence of carbon and calcium, hence the importance of the relationship that exists between the organic carbon content and calcium content (Fig. 3) . Samples with nutrient, at depths less than 3 m, showed a reduction in the amounts of calcium and carbon, with a higher rate of reduction of carbon than of calcium. Beyond 3 m, the reduction of carbon continued, but the calcium increased and in larger quantities than carbon, implying that not all of the calcium forms calcite at these depths and that part of the calcium must be available associated with minerals or as chemical complexes. Moreover, in the first 3 m, there was a surplus of carbon, meaning that there may be more additions of calcium because the relationship of these elements in calcite is 1:1. 
Mineralogical characterization
Figs. 4 and 5 show that the original minerals were preserved when comparing the samples without nutrient to samples with nutrient, i.e., the treatment does not affect the initial mineralogical composition. There is, however, in Fig.  5 , the appearance of mineral calcium carbonate (calcite, 1 m, 2 m, 4 m and 5 m and wilkeita at 3 m), thus confirming, even in small amounts, the precipitation generated by bacterial activity with the treatment.
It should be noted that the amount of kaolinite present in the soil was related to the adherence of Gram-positive bacteria, which, in the presence of nutrient, present precipitation of calcium carbonate as already shown in the initial studies for the bacterial characterization on Petri dishes.
To confirm the formation of calcium carbonate, hydrochloric acid (HCl) was poured on the soil samples with and without nutrient. All treated soil samples showed effervescence, confirming the presence of carbonates.
Structure characterization
When the nutrient was not added to the chemical analysis, the SEM images illustrated common elements of (Fig. 6 ). In soils with the nutrient, the presence of fibrous precipitates containing calcium that bind soil grains or crystals of different fibers, called "globular or botryoidal habit" (Fig. 7) , were observed at all depths.
Mechanical characterization
Direct shear strength of saturated and natural soil
To analyze the influence of nutrient addition on the shear strength, the parameters of cohesion and friction angle in isolated form were examined (Table 2) .
In almost all cases, the friction angles and cohesion in natural and immersed states increased when passing from untreated soil to treated soil, which confirms that the generated Table 2 . Cohesion (c) and friction angle (φ) parameters determined from direct shear tests on saturated and natural samples. 1  10  29  7  29  12  31  5 2  2  28  23  15  22  22  26  5 2  3  24  26  6  25  29  27  1 2  4  24  36  5  35  28  37  1 3  5  23  37  8  38  37  36  2 The resistance increases to the depths of 1m and 2m were the lowest. This may be related to the fact that at these depths the initial moisture content of the samples was the highest, or may also be due to the fact that at these depths the amount of kaolinite is less, resulting in a lower adhesion of Gram-positive bacteria type Bacillus spp., and consequently, causing a smaller amount of precipitates [22] .
Dual-oedometer density
Soil samples were assayed in their natural state and in a saturated state to determine the structural collapse inundation (Collapse rate %). There is a clear reduction in the collapse potential of the treated soils (Fig. 9 ) as compared to those obtained at the same depths for the untreated soils (Fig. 8) .
5.6.3. Total suction and matrix suction Fig. 10 shows a plot for the soil layer at a depth of 4 m as an example of the general behavior of the total and matrix suction observed for all of the layers. The treatment increased the total suction in the macropore region. Despite the difficulty that arises in identifying a unique behavior and the influence of treatment on the behavior for the matrix suction, it is worth noting the shift to the right of the point of entry of air in the micropores registered for the curves depending on the degree of saturation during the treatment. This shift indicates a reduction in macroporosity.
Permeability
By examining the permeability as a function of the interaggregated void ratio of soil, which represents voids in which water circulates and the carbonates precipitated, at all depths, it was found that the nutrient caused a decrease in permeability (Fig. 11 ). Fig. 12 presents the behavior before the internal erosion of the soil layer at a depth of 5 m. For all depths, the treatment indicated a greater closure of the pores due to the precipitation of calcium carbonate and greater structural stability as the curves obtained with treatment were quasilinear, with little difference between the phases of loading (→) and unloading (←) and the outflows for the same gradients were lower than in the untreated soil.
Pinhole test
Breakdown
The results of the breakdown test clearly illustrated the improvement of the structural stability of the soils when partially or totally inundated with water. Little or no breakdown was observed for the treated soils immersed in water. Fig. 13 shows the sample images to a depth of 3 m with and without treatment. The performance was generally the same for all depths.
The pinhole and breakdown tests were used to qualitatively investigate the eroded soils. The results of these experiments showed that the biomineralization caused by the treatment reduced the potential erodibility of the soils.
Conclusions

The technique used in this work creates new possibilities for soil improvements, allowing for an advance in biotechnology development and reducing the possibility of environmental impact in comparison to other techniques commonly used to combat erosion and to stabilize soils.  The use of biomineralization in geotechnical engineering requires the integration of professionals from different fields (e.g., microbiologists, geologists, engineers), combining the knowledge of related areas, to obtain a more suitable proposal for resolving the problem. 
In conclusion, in the tropical soil profile studied, the native bacteria effectively used the B4 nutrient to precipitate calcium carbonate. The calcium carbonate generated by the treatment provided variations in the physical, chemical and mineralogical properties of the soil and improved the mechanical and hydraulic behavior of the soil. Changes were observed in the reduction of the void index, liquidity limit, plasticity index, permeability, collapse index and erodibility, in addition to increased suction and shear strength. The effect of these changes was reflected by a greater structural stability of the grains, better performance of the aggregates and lower deformability of the soil mass, thus pointing to the possibility of using the technique of biomineralization in erosion process control.
